Spatial and timely coordination of cytokinesis is crucial for the maintenance of organelle inheritance and genome integrity. The mitotic exit network (MEN) pathway controls both the timely initiation of mitotic exit and cytokinesis in budding yeast. Here we identified the conserved F-BAR protein Hof1 as a substrate of the MEN kinase complex Dbf2-Mob1 during cytokinesis. We show that polo-like kinase Cdc5 first phosphorylates Hof1 to allow subsequent phosphorylation by Dbf2-Mob1. This releases Hof1 from the septin ring and facilitates Hof1 binding to the medial actomyosin ring (AMR), where Hof1 promotes AMR contraction and membrane ingression. Domain structure analysis established that the central, unstructured, region of Hof1, named the ring localization sequence (RLS), is sufficient to mediate Hof1's binding to the medial ring in a cell cycle-dependent manner. Genetic and functional data support a model in which Dbf2-Mob1 regulates Hof1 by inducing domain rearrangements, leading to the exposure of the Hof1 RLS domain during telophase.
Cytokinesis is the process by which mother and daughter cells become physically separated from one another after the completion of mitosis. In yeast and higher eukaryotes, cytokinesis involves an actomyosin ring (AMR) whose contraction drives cleavage furrow formation and/or membrane ingression at the site of cell division (Bi 2001; Balasubramanian et al. 2004; Barr and Gruneberg 2007) . The coordination and successful completion of cytokinesis is important to prevent polyploidy, which could cause cell death and tumorigenesis (Sagona and Stenmark 2010) .
F-BAR proteins localize to the division sites of organisms as diverse as yeast and humans (Fankhauser et al. 1995; Spencer et al. 1997; Lippincott and Li 1998) . Their ability to connect membrane binding and deformation with the actin cytoskeleton is highly suggestive of potential functions in cytokinesis (Aspenstrom 2009 ). In budding yeast, five F-BAR proteins have been identified. Of these, Hof1 has the most prominent localization at the site of cell division (named the bud neck) (Lippincott and Li 1998) . Hof1 is the homolog of PSTPIP1 in mammals (Spencer et al. 1997 ) and Cdc15 in fission yeast, which has a clearly established role in cytokinesis (Fankhauser et al. 1995) . This F-BAR subfamily is characterized by an N-terminal F-BAR domain followed by an unstructured region containing a PEST motif and a C-terminal SH3 domain (Aspenstrom et al. 2006) . The SH3 domain of Hof1 is known to bind to a variety of different proteins via their PXXP-docking motifs (Tonikian et al. 2009 ), while the PEST motif is necessary for Hof1 degradation mediated by the SCF complex (Blondel et al. 2005) .
Hof1 accumulates at the bud neck as soon as cells enter a new cell cycle. It colocalizes with the septin ring until late anaphase, when it shifts to the contractile AMR just before ring contraction (Vallen et al. 2000) . Hof1 has been proposed to act as an inhibitor of cytokinesis. This view is supported by the fact that HOF1 overexpression or expression of a stabilized mutant version both inhibit cytokinesis (Blondel et al. 2005) . However, deletion of HOF1 impairs AMR contraction and causes lethality in the absence of other cytokinetic components, implying that Hof1 also positively regulates cytokinesis.
Hof1 forms a complex with Inn1 and Cyk3, which coordinate AMR contraction with membrane ingression and primary septum formation (Sanchez-Diaz et al. 2008; Jendretzki et al. 2009; Nishihama et al. 2009 ). Hof1, Inn1, and Cyk3 are recruited sequentially to the AMR just before contraction. The timed assembly of this complex needs to be cell cycle-regulated in a temporal and spatial manner. Interestingly, the kinase Dbf2-in complex with its activator, Mob1-appears at the site of cell division just before AMR contraction and cytokinesis (Frenz et al. 2000; Yoshida and Toh-e 2001) . Dbf2-Mob1 is a component of the mitotic exit network (MEN) signaling pathway (Bardin and Amon 2001) . The recruitment of the Dbf2-Mob1 complex to the bud neck is dependent on the down-regulation of mitotic Cdk1 activity, and is thus subjected to strong cell cycle control (Hwa Lim et al. 2003) . We showed previously that the recruitment and function of Inn1 and Cyk3 to the AMR and the formation of the septum depend on the Dbf2-Mob1 complex (Meitinger et al. 2010 ). Nevertheless, a direct target for Dbf2-Mob1 at the bud neck remains to be identified. Interestingly, orthologs of Mob1 and Dbf2 in higher eukaryotes, known as Lats1/2 and Mob1, were reported to play a role in cytokinesis (Hammarton et al. 2005; Citterio et al. 2006; Yabuta et al. 2007 ). Thus, identifying how Dbf2-Mob1 regulates cytokinesis is of general importance.
Here, we show that the mitotic kinases Cdk1, Cdc5, and Dbf2-Mob1 all regulate Hof1 localization and function during cytokinesis. Phosphorylation of Hof1 by mitotic Cdk1 primes Hof1 to recruit Cdc5. Cdc5 in turn phosphorylates Hof1 to create a binding site for Mob1. Dbf2-Mob1 then subsequently phosphorylates Hof1 and contributes to the relocation of Hof1 from septins to the AMR. In parallel, we established that, while the F-BAR and SH3 domains direct Hof1 to the septin ring, the central unstructured region of Hof1 (referred to here as the ring localization sequence [RLS] ) promotes Hof1 binding to the AMR in a cell cycle-dependent manner. We propose that the concerted action of mitotic kinases control Hof1 localization and function during cytokinesis.
Results

Identification of the novel RLS of Hof1 as an AMR-binding domain
Hof1 contains an FCH domain that is followed by a coiled-coil region at the N terminus (which together form the F-BAR domain) and an SH3 domain at its C terminus (Fig. 1A) . The central region of Hof1 (amino acids 200-599) is predicted to be unstructured. However, it contains a short coiled coil and a PEST sequence that is involved in the ubiquitin-mediated degradation of Hof1 (Blondel et al. 2005) . To investigate the contribution of these different domains within Hof1 to its localization and function, endogenous HOF1 was replaced by a series of HOF1 truncations fused to the green fluorescent protein (GFP) (Fig. 1A) . Cells carried an additional gene fusion to mark the septin; the septin SHS1 fused to the monomeric fluorescent protein Cherry (Shs1-mCherry). For ease of comparison, the localization of Hof1-GFP was analyzed in cells arrested in either metaphase by adding nocodazole or anaphase by overexpressing a nondegradable form of the mitotic cyclin Clb2 (clb2DDB) (Surana et al. 1993) . In every case, this localization was later confirmed in cycling cells (Supplemental Fig. S1 ).
In metaphase-arrested cells, full-length Hof1-GFP formed a double ring that, in 94% of the cells, colocalized with Shs1-mCherry (Fig. 1A ,B, top panel, ''strong'' septin staining). The association of Hof1-GFP with this Shs1-mCherry ring was reduced but still clearly detectable following deletion of either the F-BAR (codons 1-200) or SH3 (codons 599-669) domains (Fig. 1A -C, ''weak''), but was completely abolished by simultaneous deletion of both domains (Fig. 1A) . The lack of bud neck recruitment was not due to a decrease in Hof1 protein levels (Supplemental Fig. S1C ). Further supporting a role of the SH3 domain, substitution of the highly conserved Trp 637, which is essential for the SH3 domain to bind to PXXP motifs with an alanine residue (W637A) (Supplemental Fig. S2 ), also decreased the colocalization of Hof1 with septins in metaphase (Fig. 1A-C) . Thus, the F-BAR and SH3 domains have supporting functions in recruiting Hof1 to the septin ring in metaphase.
In late anaphase, full-length Hof1-GFP either colocalized with Shs1-mCherry (septin staining 53.4%) (Fig.  1A ,D, top panel, ''strong'') or formed a discrete line within the medial part of the Shs1-mCherry ring (medial ring localization 46.6%) (Fig. 1A ,D, bottom panel, ''medial''). The septin-like staining of anaphase cells was drastically reduced for Hof1 constructs that lacked functional F-BAR or SH3 domains. However, these Hof1 mutants preferably localized to the medial ring, suggesting that the F-BAR and SH3 domains target Hof1 to the septin ring, while a region between these domains targets Hof1 to the medial ring. Consistently, Hof1-300-500-GFP, which lacks both the F-BAR and SH3 domains, bound exclusively to the medial ring in anaphase (Figs. 1A,E; Supplemental Fig.  S3A-C) . The shortening of this region either compromised (Hof1-400-500) or completely abolished (Hof1-300-400) medial ring localization (Supplemental Fig.  S3B ). We concluded that the amino acids stretching from 300 to 500 within the unstructured part of Hof1 represent the minimal domain required for efficient localization of Hof1 to the medial ring in late anaphase. We refer to this region as the RLS.
In summary, our findings show that both the F-BAR and SH3 domains are important for Hof1 septin localization. In contrast, the RLS recruits Hof1 to the AMR in late anaphase.
F-BAR and RLS domains support AMR contraction
Hof1 is a multifunctional protein. One important role executed by Hof1 is the promotion of centripetal (symmetric) AMR contraction (Nishihama et al. 2009 ). We established by electron microscopy that, in hof1D cells, the primary septum was frequently formed in an asymmetric manner ( Fig. 2A-C ) and was mostly surrounded by a thick layer of secondary septal material ( Fig. 2A-D) . Defects in primary septum formation therefore account for asymmetric AMR contraction.
Hof1 binds to the essential protein Inn1, which is part of the AMR and is involved in primary septum formation (Sanchez-Diaz et al. 2008; Nishihama et al. 2009 ). To understand the role played by the different Hof1 domains in AMR contraction and septum formation, we used livecell imaging. Because fusion of MYO1 to GFP caused growth sickness together with Hof1 truncations, we analyzed the behavior of Inn1-GFP, as a marker for AMR contraction, in cells expressing wild-type and truncated HOF1 constructs (Fig. 2B-F) . In wild-type cells, Inn1-GFP bound to the bud neck in a symmetric manner (covering the entire bud neck) (Fig. 2B , 90 sec) and finally contracted together with the AMR, forming a dot-like staining in the center of the bud neck (Fig. 2B, 240 and 270 sec). In line with a previous study (Nishihama et al. 2009 ), while Inn1-GFP was able to bind to the bud neck in the absence of HOF1, Inn1-GFP contracted asymmetrically, and the contraction was significantly slower in hof1D cells than in wild-type controls (Fig. 2C,G,H) . The correlation between asymmetric Inn1 contraction and asymmetric septum formation observed by electron microscopy in hof1D cells means that Inn1-GFP can be used as marker for septum formation. We next analyzed the behavior of Inn1 in HOF1 mutants. Interestingly, deletion of the Hof1 SH3 domain (Hof1-1-500) did not alter Inn1-GFP contraction patterns or rate even though it abolished the direct binding of Inn1 to Hof1 (Supplemental Fig. S2) . Thus, the SH3 domain of Hof1 is dispensable for the symmetric contraction of Inn1. In contrast, cells lacking SH3 and part of the RLS domain (Hof1-1-450) or the entire F-BAR domain (Hof1-300-669) phenocopied hof1D cells with respect to Inn1 behavior ( Fig. 2E-H) . Because fusion of INN1 to GFP caused growth sickness in hof1-300-500 cells, we were unable to analyze the effect of Hof1 RLS (without F-BAR and SH3 domains) on Inn1 contraction. In conclusion, while the Hof1 SH3 domain is directly involved in binding to Inn1, only the F-BAR and RLS domains are essential for the promotion of centripetal Inn1 contraction during cytokinesis.
Hof1 is directly phosphorylated by Cdk1, Cdc5, and Dbf2 kinases
The cell cycle-dependent relocation of Hof1 in late mitosis prompted us to ask how Hof1 is regulated. Although Hof1 has been reported to be subjected to cell cycledependent phosphorylation (Vallen et al. 2000; Blondel et al. 2005) , the identity of the kinases responsible for this phosphorylation has remained obscure. We therefore screened selected candidate kinases for a physical association with Hof1 using the yeast two-hybrid system. We found that Hof1 strongly interacted with Mob1, the regulatory subunit of Dbf2 kinase (Fig. 3A) . Hof1 also interacted with the polo-like kinase Cdc5 and the mitotic cyclin Clb2 (Fig. 3A) . Clb2 forms a complex with the sole cyclin-dependent kinase (Cdk1) of budding yeast, which is encoded by the CDC28 gene.
To test whether Hof1 is a direct substrate of any of these kinases, we performed in vitro phosphorylation assays using purified Clb2-Cdk1, Cdc5, and Dbf2-Mob1, and bacterially expressed HOF1 (Fig. 3B ). Hof1 was phosphorylated by all three kinases, but not by the corresponding catalytically inactive ''kinase-dead'' mutants. Mass spectrometry (MS) analysis revealed that four out of the five Cdk1 sites ([S/T]P) were phosphorylated by Clb2-Cdk1 ( Fig. 3C ; Supplemental Table S1 ). Three of these Cdk1 sites comprise polo-box-docking motifs (S[S/ T]P). Cdc5 phosphorylated four putative polo kinase consensus phosphorylation sites Table S1 ). For Dbf2-Mob1, we found that three out of the five Dbf2 consensus sites (RXXS) (Mah et al. 2005) were phosphorylated in vitro ( Fig. 3C ; Supplemental Table S1 ). Peptides carrying the two additional Dbf2 consensus sites at positions 89 and 533 of Hof1, however, were not detected by the MS analysis, even when enzymes other than trypsin (mix of GluC + ChyT + AspN) were used for digestion (data not shown). Furthermore, our in vitro phosphorylation analysis identified four additional sites following the amino acid sequence RXXT, KXXS, or RXXXS ( Fig. 3C ; Supplemental Table S1 ).
To test whether the same amino acids were phosphorylated in vivo, we performed MS analysis of Hof1 enriched from yeast cell extracts prepared from wild-type and grr1D cells. Grr1 is a regulatory subunit of the SCF complex that targets phosphorylated forms of Hof1 for degradation (Blondel et al. 2005) . As Hof1 is stabilized in grr1D cells, the incorporation of this mutation preserves the phosphorylated forms of Hof1 that otherwise would be immediately targeted for destruction. Cells lacking Grr1 accumulated slow-migrating phosphorylated forms of Hof1 (Fig. 3D,E) . The MS analysis revealed that the majority of the amino acids phosphorylated in vitro were also phosphorylated in vivo (Supplemental Table S1 ). Interestingly, some of the phosphorylation sites for Cdk1, Cdc5, and Dbf2 found in vivo overlapped and were phosphorylated by more than one kinase in vitro (Supplemental Table S1 ). For example T350 was phosphorylated by both Clb2-Cdk1 and Dbf2-Mob1, while S517 was targeted by Cdc5 and Dbf2-Mob1. It therefore seems likely that redundant mechanisms exist in vivo to ensure efficient phosphorylation of Hof1 at these sites.
We next investigated the contribution of Clb2-Cdk1, Cdc5, and Dbf2-Mob1 to phosphorylation at specific sites in vivo. To assess Cdk1 phosphorylation, we generated a phospho-specific antibody against Ser 424 (anti-S424-P), which was phosphorylated by Clb2-Cdk1 in vitro and in vivo. Accordingly, the anti-S424-P antibody specifically recognized Hof1 but not Hof1-S424A (Supplemental Fig.  S4 ). Analysis of Hof1-3HA immunoprecipitated from various stages of the cell cycle showed that Cdk1 phosphorylated S424 during mitosis (Supplemental Fig. S6 ). Because we were unable to obtain phospho-specific antibodies for Cdc5-and Dbf2-Mob1-specific sites, we constructed phosphorylation inhibitory mutants (in which the relevant threonine/serine residues had been changed to alanine) for Cdc5 (Hof1-cdc5A) and Dbf2-Mob1 (Hof1-dbf2A) and asked whether the mutations diminished the degree of Hof1 hyperphosphorylation in cells lacking Grr1. In parallel, we analyzed Cdk1 phospho-inhibitory Hof1-Cdk1A mutations (Fig. 3E ). In contrast to Hof1, which was hyperphosphorylated in grr1D cells, Hof1-cdc5A, Hof1-dbf2A, and Hof1-cdk1A accumulated faster-migrating hypophosphorylated forms (Fig. 3E, asterisk) . Thus, mitotic phosphorylation on the Cdk1, Cdc5, and Dbf2-Mob1 sites identified here did indeed contribute to Hof1 phosphorylation in vivo. Since more Cold Spring Harbor Laboratory Press on October 28, 2017 -Published by genesdev.cshlp.org Downloaded from than one kinase is involved in Hof1 phosphorylation, hyperphosphorylated forms did not completely disappear in hof1-cdc5A, hof1-dbf2A, and hof1-cdk1A mutants. Collectively, the data show that Hof1 is an in vivo substrate of Clb2-Cdk1, Cdc5, and Dbf2-Mob1 kinases. Phosphorylation of Hof1 by Dbf2 has been suggested previously (Vallen et al. 2000) .
Phosphorylation of S517 between the RLS and SH3 domains is critical for Hof1 function
It is well established that Cdk1 acts as a priming kinase for Cdc5 (Asano et al. 2005; Yoshida et al. 2006; Crasta et al. 2008) . This was also the case for Hof1, as Hof1 that had been phosphorylated previously by Clb2-Cdk1 was a better substrate for Cdc5 (Supplemental Fig. S4 ). Furthermore, the interaction of Cdc5 with Hof1-cdk1A in the yeast two-hybrid system was much weaker than its interaction with wild-type Hof1 (Supplemental Fig. S4 ). Thus, an important function of mitotic Cdk1 is to regulate the ability of Cdc5 to dock with and phosphorylate Hof1.
To investigate the role of Dbf2 phosphorylation for Hof1 function, we analyzed hof1-dbf2A phospho-inhibitory mutants but observed no major defects in AMR contraction, Inn1 localization, and septum formation (data not shown). Hof1 is not essential in the S288C background, since it belongs to one of four functionally redundant pathways (represented by Hof1, Cyk3, Myo1, and Inn1) that are important for cytokinesis (Korinek et al. 2000; Tolliday et al. 2001 ). Consequently, cells are able to survive if a single gene representing either of these pathways is deleted, but are unviable as soon as two or more pathways are inactivated. We therefore exploited this genetic background to test whether phosphorylation of Hof1 becomes essential following inactivation of any of the other cytokinetic pathways. We found that blocking all Dbf2 phosphorylation sites (hof1-dbf2A) or only Ser 517, Ser 533, and Ser 563 (substitution of a single residue or a combination of residues with alanine) caused sickness or lethality in the absence of CYK3 but not MYO1 or INN1 ( Fig. 4A,B ; Supplemental Fig. S5 ). Thus, phosphorylation of Hof1 at S517, S533, and S563 is important for the function of Hof1 in a pathway parallel to CYK3.
Ser 517, Ser 533, and Ser 563 are located in between the RLS and SH3 domains of Hof1 (Fig. 4A) . Interestingly, while S533 and S563 are phosphorylated by Dbf2-Mob1, S517 was phosphorylated by Dbf2-Mob1 and Cdc5. Using the yeast two-hybrid system, we found that Hof1-S517A interacted less efficiently with Mob1 than either Hof1, Hof1-S533A, or Hof1-S563A (Fig. 4C,D) . The decreased interaction between Hof1-S517A and Mob1 was not caused by a reduction in Hof1-S517A protein stability, as Hof1-S517A and Hof1 interactions with Inn1 and Clb2 were indistinguishable from one another (Fig. 4C,D) . Thus, binding of Hof1 to Mob1 might depend on phosphorylation of Hof1-S517.
To further confirm that phosphorylation of S517 promotes the binding of Dbf2-Mob1 to Hof1, pull-down experiments were performed with immobilized GSTDbf2-Mob1 complexes and yeast cell lysates of cells expressing HOF1-3HA or hof1-S517A-3HA (Fig. 4E) . Hyperphosphorylated Hof1-3HA but not Hof1-S517A-3HA bound to GST-Dbf2-Mob1 (Fig. 4E) . Similar results were obtained for grr1D cells, in which hyperphosphorylated Hof1 forms accumulated ( Fig. 4E ; data not shown). Thus, phosphorylation of S517 is critical for the binding of Hof1 to the Dbf2-Mob1 kinase complex.
Given that phosphorylated S517 promotes the recruitment of Dbf2-Mob1 kinase, we hypothesized that blocking S517 phosphorylation might diminish the Dbf2-Mob1-dependent phosphorylation at Ser 533 and Ser 563. If this view were to be correct, we would expect to be able to circumvent the lethality of hof1-S517A in cyk3D cells by mimicking phosphorylation at Ser 533 and Ser 563. Indeed, hof1-S517A-S533E-S563E cyk3D cells were viable, whereas hof1-S517A cyk3D double mutants were not (Fig. 4B, lanes 5,8) . Thus, mimicking the constitutive phosphorylation of the Dbf2 sites S533 and S563 reconstituted functionality of hof1-S517A in the cyk3D background. These data are consistent with the notion that phosphorylation at S517 is a prerequisite for phosphorylation of S533 and S563 of Hof1 by Dbf2-Mob1 in vivo.
Together, our data show that phosphorylation of the serine residues at positions 517, 533, and 563 within the region between the RLS and SH3 domains of Hof1 is important for Hof1 function during cytokinesis.
Cdc5 and Dbf2-Mob1 colocalize sequentially with Hof1 at the bud neck
To get a clearer insight into the timing of the Cdc5-and Dbf2-Mob1-dependent phosphorylation of Hof1, we analyzed the colocalization of Hof1 with Cdc5 and Dbf2-Mob1 at the bud neck. In late anaphase, Hof1-mCherry localized at the bud neck in a septin-like manner, while GFP-Dbf2 localization was restricted to spindle pole bodies (SPBs) (Fig. 5A, panel 1) . When GFP-Dbf2 appeared weakly at the bud neck at the medial ring, Hof1-mCherry started to accumulate at the medial plane (Fig. 5A,E, panel  3) . After Hof1-mCherry had completely merged into one single ring, it colocalized with GFP-Dbf2 (Fig. 5A ,E, panels 4,5). Eventually, the Hof1-mCherry transformed into a single dot as a consequence of AMR contraction, while the GFP-Dbf2 ring signal remained unchanged ( Cold Spring Harbor Laboratory Press on October 28, 2017 -Published by genesdev.cshlp.org Downloaded from 5A,E, panel 6). Similar results were obtained for Hof1-mCherry and Mob1-GFP (data not shown). Thus, Dbf2-Mob1, unlike Hof1, does not contract with the AMR. This conclusion was confirmed by comparing GFP-Dbf2 with Cyk3-mCherry. Cyk3-mCherry is targeted to the bud neck in late anaphase and contracted with the AMR, forming a dot-like staining at the central region of the GFP-Dbf2 signal at the bud neck (Fig. 5B,E) . We conclude that Dbf2-Mob1 colocalizes with Hof1 concomitantly with the translocation of Hof1 from septins to the AMR, yet Dbf2-Mob1 is not associated with the contractile AMR.
Cdc5 localizes at the bud neck in anaphase (Song et al. 2000) . Our analysis revealed that Cdc5-GFP colocalized preferentially with the Hof1-mCherry ring that was closer to the daughter side of the bud neck (Fig. 5C,E) . The significance of this observation is presently unclear. It is most likely that Cdc5-GFP dissociated from, or is degraded at the bud neck prior to, AMR contraction, because Cdc5 could never be observed at the neck when the Hof1 or Cyk3 rings were contracting (Fig. 5D) . Thus, Cdc5 colocalizes with Hof1 at the bud neck prior to Dbf2-Mob1 (Fig. 5E ). This is consistent with our genetic data showing that Cdc5 acts upstream of Dbf2 in phosphorylating Hof1.
Hof1 phosphorylation is required to release Hof1 from the septin scaffold and for recruitment to the AMR
We next investigated the impact of Dbf2-Mob1-dependent phosphorylation on Hof1 function. We made use of the conditional lethal dbf2-2 mutant carrying a gene deletion for the Dbf2-related kinase Dbf20, which has functional redundancy with Dbf2 (Meitinger et al. 2010 ). In dbf2-2 dbf20D cells, we examined the localization of Hof1 mutants in which the specific phosphorylation sites for Dbf2 (Supplemental Table S1 ) were mutated to alanine (Hof1-dbf2A) or glutamic acid (Hof1-dbf2E) to either block or mimic phosphorylations, respectively. While Hof1-dbf2A-GFP mutants colocalized with septins in the same way as Hof1-GFP, the phosphomimetic Hof1-dbf2E-GFP translocated to the medial ring ( Fig. 6A ; data not shown). The change in recruitment pattern from septins to the medial ring was not dependent on Hof1 degradation, since cellular Hof1-dbf2E-GFP protein levels were comparable with those of Hof1-GFP (Fig. 6B) . Identical results were obtained for conditional lethal mob1-67 cells (data now shown). Furthermore, the relocation of Hof1-dbf2E-GFP was not due to splitting of the septin ring (Fig. 6A ) and was independent of the integrity of the actin cytoskeleton, since Hof1-dbf2E-GFP was maintained at the medial ring even after cells had been treated with the actin-depolymerizing drug latrunculin A (Supplemental Fig. S6 ). Thus, mutation to mimic constitutive phosphorylation of Hof1 at Dbf2 target sites bypasses the requirement of Dbf2-Mob1 for Hof1 medial ring localization.
The observation that Hof1-dbf2E-GFP exhibited a reduced colocalization with septins ( Fig. 6A ) prompted us to test whether the interaction between Hof1 and septins was influenced by Dbf2 phosphorylation. In a two-hybrid screen, we found that the interaction of Hof1-dbf2E with Cdc10 and other septins was significantly reduced, while the same Hof1-dbf2E molecule interacted with Mob1 to the same extent as both Hof1-dbf2A and Hof1 ( Fig. 6C,D; data not shown). Our attempts to assess this interaction in pull-down experiments failed, presumably because of the complexity of septin ring architecture.
Collectively, our data suggest that phosphorylation of Hof1 by Dbf2-Mob1 weakens the association between Hof1 and septins while promoting Hof1 recruitment to the AMR in late mitosis.
Inactivation of the Hof1 SH3 or F-BAR domain cooperates with Dbf2-Mob1 to promote medial ring recruitment of Hof1
During the course of our experiments, we noticed that the behavior of hof1-dbf2E was reminiscent of that of the hof1-W637A and hof1-300-669 mutants in which SH3 and F-BAR domain functions were compromised, respectively. These mutants showed reduced recruitment to septins and premature recruitment to the medial rings of anaphase cells (cf. Figs. 6E-G and 1A-C). This observation led us to investigate the localization of Hof1-W637A-GFP and Hof1-300-669-GFP in dbf2-2 dbf20D cells. Hof1-W637A-GFP localized preferentially to the medial ring in the same way as seen for Hof1-dbf2E-GFP (Fig. 6H) . We could not analyze the localization of Hof1-300-669-GFP in dbf2-2 dbf20D cells, since this double mutant resembled dbf2-2 dbf20D hof1D cells in being lethal (Meitinger et al. 2010) . Instead, we analyzed the localization of Hof1-300-669-GFP in temperature-sensitive cdc15-1 mutants that arrest in late anaphase with low Dbf2 activity (Mah et al. 2001) . cdc15-1 is not synthetic lethal with hof1-300-669 or hof1D (Meitinger et al. 2010) . Whereas Hof1-GFP stayed at the septin ring in wild-type controls, Hof1-300-669-GFP was prematurely recruited to the AMR in cdc15-1 cells (data not shown). We therefore reasoned that the SH3 domain may cooperate with the F-BAR region to hold Hof1 at septins in the absence of Dbf2-Mob1 activity. Thus, our data suggest that inactivation of either the SH3 or F-BAR domain bypasses the requirement for Dbf2-Mob1 activity to drive Hof1 to the medial ring. The most likely mechanism by which they do this is by weakening the association between Hof1 and septins.
Phosphorylation mimetic mutations activate Hof1 in the absence of Dbf2 kinase activity
We next asked whether, in the absence of Dbf2-Mob1 activity, Hof1-dbf2E was able to restore Hof1 function at the medial ring. It has been shown previously that inactivation of Dbf2-Mob1 induces cytokinetic defects in AMR contraction and septum formation. Some of these defects were based on the failure of dbf2-2 dbf20D mutants to target Inn1 and Cyk3 to the bud neck (Meitinger et al. 2010 ). Inn1 and Cyk3 are direct binding partners of Hof1 (Nishihama et al. 2009 ). We therefore asked whether Hof1-dbf2E was able to bypass the requirement of Dbf2-Mob1 for Inn1 and Cyk3 bud neck binding. However, neither Inn1 nor Cyk3 could be recruited to the AMR in hof1-dbf2E dbf2-2 dbf20D cells that are arrested in late anaphase (data not shown). This indicates that the MEN regulates the recruitment of Inn1 and Cyk3 to the bud neck independently of any influence over Hof1 function.
AMR contraction does not occur in dbf2-2 dbf20D mutants, which arrest in late anaphase with high mitotic Cdk1 activity (Vallen et al. 2000) . Inactivation of mitotic Cdk1 activity in dbf2-2 dbf20D cells, by overexpression of the mitotic Cdk1 inhibitor SIC1, leads to septin ring splitting (Meitinger et al. 2010 ). However, a significant slowing in the rate of AMR constriction is observed, most likely because of the lack of Dbf2 activity. We used this system to examine whether hof1-dbf2E can rescue the defect in AMR constriction caused by lack of Dbf2 and Dbf20 activities. We monitored actin repolarization to the bud neck as a marker for reduction in Cdk1 activity and ensured that Sic1 overproduction and actin repolarization occurred with similar timing in dbf2-2 dbf20D Gal1-SIC1 cells carrying wild-type or mutant forms of HOF1 (Fig. 7) . Interestingly, the Hof1-dbf2E-GFP ring, together with the Myo1, constricted more quickly than the Hof1-GFP or Hof1-dbf2A-GFP ring ( Fig. 7A-C ; Supplemental Fig. S7 ). After 60 min of Sic1 overproduction, the AMR was constricted in 40% of dbf2-2 dbf20D hof1-dbf2E-GFP cells, while only 20% of the controls had done so. Thus, phosphomimetic Hof1 mutants partially rescued the defect in AMR constriction seen in the dbf2-2 dbf20D background. The effect of Hof1-dbf2E on AMR constriction was not a mere consequence of the relocation of Hof1 to the medial ring, because hof1-W637A-GFP cells in which Hof1-W637A-GFP prematurely localized Cold Spring Harbor Laboratory Press on October 28, 2017 -Published by genesdev.cshlp.org Downloaded from to the medial ring in a manner that is comparable with that seen for Hof1-dbf2E-GFP formed a very stable AMR ring that did not contract in most cells (Fig. 7D) . Together, our data suggest that both phosphorylation of Hof1 by Dbf2-Mob1 and a functional SH3 domain are required for AMR constriction.
Discussion
The conserved F-BAR protein Hof1 plays an essential role in the regulation of cytokinesis in budding yeast. Here, we investigated the regulation of Hof1 during mitosis and report that three different mitotic kinases phosphorylate Hof1 to regulate its relocalization from septins to the medial AMR to promote cytokinesis: Cdk1, the polo-like kinase Cdc5, and the MEN kinase complex Dbf2-Mob1.
Hof1 is a multifunctional protein
AMR contraction and extension of the primary septum are interdependent processes that must be coordinated to promote efficient cytokinesis. Hof1 is a multifunctional protein that might link these two processes. Ultrastructural analysis of hof1D cells shows that, although cells were able to form a short primary septum, the septum did not extend, but was surrounded by a thick layer of secondary septum material (Fig. 2) . The lack of primary septum extension might account for the asymmetric contraction of the AMR and the narrowing of the bud neck by the expanding secondary septum in hof1D cells. Hof1 both colocalizes and copurifies with the AMR (Lippincott and Li 1998; Young et al. 2010) , raising the question as to whether Hof1 forms a linker between the expanding primary septum and components of the contractile AMR. Hof1 is also required to drive repolarization of actin patches to the bud neck (Meitinger et al. 2010) .
How is Hof1 able to perform all of these functions as cells advance through the cell cycle? Hof1 has an F-BAR domain at its N terminus. This domain has been shown to bind and deform membranes in a variety of different cellular contexts and species (Shimada et al. 2007; Reider et al. 2009; Wang et al. 2009 ). Although the F-BAR domain of Hof1 has not yet been formally shown to bind directly to membranes, its deletion caused defective AMR contraction (Fig. 2) . Hof1 also contains an SH3 domain at the C terminus that has been shown to bind to a variety of PXXP motif-rich proteins, including Inn1 and Cyk3 (Tonikian et al. 2009 ), which, together with Hof1, play a role in coordinating septum formation and/or extension (Jendretzki et al. 2009; Nishihama et al. 2009 ). Interestingly, deletion of the SH3 domain from Hof1 did not affect AMR contraction (Fig. 2 ), yet did compromise viability in the absence of INN1 and MYO1. Thus, the function of the Hof1 SH3 domain acts in parallel to Inn1 and Myo1 to regulate cytokinesis. In addition, we established that the central unstructured region of Hof1, the RLS, governs the ability of Hof1 to bind to the medial ring. Our data suggest that the RLS is required for AMR contraction (Fig. 2) .
Hof1 is regulated by phosphorylation
The complexity of Hof1 function has previously compromised our ability to address its regulation. Hof1 protein Figure 7 . Hof1 phosphomimetic mutations in Dbf2 sites partially rescue dbf2-2 dbf20D-dependent cytokinesis defects. Cells of the indicated genotypes were arrested in G1 at 23°C with a-factor. Cells were released in nocodazole at 37°C to promote metaphase arrest and inactivation of Dbf2-2. After release from metaphase, overexpression of SIC1 was induced by addition of galactose to the culture medium to overcome the mitotic exit defects of dbf2-2 dbf20D cells. Samples were taken every 30 min to monitor Hof1 localization and actin repolarization. One representative cell (taken from time point 60 min) is shown in A-D. The levels of Hof1-GFP, Sic1, and Clb2 were monitored by immunoblotting using anti-GFP, anti-Sic1, and anti-Clb2 antibodies. Tub1 served as a loading control. The graphs indicate the percentage of cells (n = 100-150) showing actin repolarization at the bud neck and Hof1-GFP at septins, at the AMR ring, or as a contracted ring. levels fluctuate in a cell cycle-dependent manner, increasing in the G1/S phase and decreasing with mitotic exit, most likely after AMR contraction. Here, we show that the mitotic kinase Cdk1 (Clb2-Cdc28), the polo-like kinase Cdc5, and the Dbf2-Mob1 complex phosphorylate Hof1 in vitro and in vivo. Using phospho-specific antibodies, we show that mitotic Cdk1 preferentially phosphorylates Hof1 during mitosis. Phosphorylation of Hof1 by Cdk1 primed it for subsequent phosphorylation by Cdc5 in vitro. The function of mitotic Cdk1 in vivo, however, is less clear, as phospho-blocking or phosphomimetic mutants in the Cdk1 sites had no impact on Hof1 function and localization (data not shown), suggesting that other kinases might functionally overlap with Cdk1 in this case. Several lines of evidence suggest that phosphorylation of Hof1 by Cdc5 at Ser 517 facilitates the binding of Hof1 to Mob1. First, Hof1-S517A mutants interacted less efficiently with Mob1. Second, although we cannot exclude the possibility that Hof1 phosphorylation also takes place in the cytoplasm, Hof1-Cdc5 colocalized at the bud neck prior to Hof1-Dbf2-Mob1. Third, while hof1-S517A cells were unable to grow in the absence of cyk3D, mutations in Hof1 that mimicked Dbf2-Mob1 phosphorylation bypassed this lethality. We therefore propose that Cdc5 might work upstream of Dbf2-Mob1 in Hof1 regulation.
What role does Dbf2-Mob1 play in Hof1 regulation? Functional analysis of phosphorylation site mutants together with domain localization studies, strongly suggest that Dbf2-Mob1 is involved in regulating the recruitment of Hof1 to the medial ring during mitotic exit (Fig. 8) . From the earliest stages of the cell cycle, Hof1 associates with the septins. The fact that Hof1 RLS alone did not bind to septins but did colocalize with the medial AMR in late anaphase indicates that septin binding is not required to promote the cell cycle-dependent association of Hof1 with the AMR. Full-length Hof1 translocates from septins to the AMR in a Dbf2-Mob1-dependent manner (Fig. 6 ), suggesting that there is an important regulatory step occurring when the Hof1 F-BAR and SH3 domains are present. The essential Dbf2-Mob1 phosphorylation sites in Hof1 lie between the RLS and SH3 domains. Furthermore, the introduction of mutations that constitutively mimic phosphorylation of Hof1 by Dbf2-Mob1 was sufficient to drive Hof1 from septins to the medial ring in the absence of Dbf2-Mob1 activity. Although our data show that Dbf2-Mob1 plays an important role in controlling the translocation of Hof1 from septins to the AMR through Hof1 phosphorylation, we cannot completely exclude that additional mechanisms regulate Hof1 localization, as Hof1-dbf2A localized at the AMR in wild-type cells.
Model for Hof1 regulation
We propose an ''inhibition model'' for the regulation of Hof1 (Fig. 8) . According to this model, Hof1 stays inactive at the bud neck as a consequence of an association with the septin scaffold. The binding of Hof1 to septins depends on the F-BAR and SH3 domains, since deletion of either domain caused premature relocalization of Hof1 to the AMR (Figs. 1, 6 ). On the other hand, Hof1 binding to the AMR depends on the RLS, which is located between the F-BAR and SH3 domains. It is thus possible that interaction between the F-BAR and SH3 domains and the septins might mask RLS motifs, preventing them from binding to the AMR. Alternatively, both the F-BAR and SH3 domains might interact directly with the RLS, thereby preventing its interaction with the AMR. Autoinhibition of multidomain proteins by covering interaction motifs through a folding back mechanism is frequently observed (Nezami et al. 2006; Bajorek et al. 2009 ). F-BAR proteins Figure 8 . Model for Hof1 regulation by phosphorylation. The F-BAR and SH3 domains contribute to Hof1's association with septins during most phases of the cell cycle. In late mitosis, the specific association of Hof1 with the septin scaffold gets resolved after phosphorylation of Hof1 by Dbf2-Mob1. Phosphorylated Hof1 binds to the medial ring and, together with Cyk3 and Inn1, coordinates AMR contraction with primary septum formation.
were shown recently to be regulated through an autoinhibition mechanism (Rao et al. 2010; Roberts-Galbraith et al. 2010) . It is thus tempting to propose an autoinhibition model for Hof1 that might be based on intramolecular interactions. However, we cannot exclude the probability of trans-inhibition.
The release of Hof1 from septins must be subject to cell cycle-dependent control to ensure that cytokinesis is initiated at the right point in the cycle. We established that Dbf2-Mob1-mediated phosphorylation mimics the deletion of the F-BAR or SH3 domains in driving the release of Hof1 from the septins, thereby promoting Hof1 recruitment to the AMR. Since both the F-BAR and SH3 domains are essential during cytokinesis, it is unlikely that phosphorylation inactivates these domains. The identity of the components that recruit the RLS domain of Hof1 to the medial ring remains to be established. Inn1 and Cyk3 are recruited to the AMR after Hof1, and therefore cannot be responsible for its recruitment. Interestingly, Hof1 RLS was recruited to the medial ring in a cell cycle-dependent manner, suggesting that either a late component of AMR or a cell cycle-regulated posttranslational modification of an early AMR component recruits Hof1 to the medial ring.
The orthologs of Hof1 in fission yeast and human cells-Cdc15 and PSTPIP, respectively-associate with the site of cell division (Fankhauser et al. 1995; Spencer et al. 1997) . PSTPIP is involved in the regulation of actincytoskeleton interactions, while fission yeast Schizosaccharomyces pombe Cdc15 participates in the formation of the contractile ring. Both Cdc15 and PSTPIP are regulated by phosphorylation. The nature of the kinases and the molecular function of phosphorylation for the function of Cdc15 and PSTPIP during cytokinesis is not yet understood (Spencer et al. 1997; Lippincott and Li 1998; Roberts-Galbraith et al. 2009 ). Moreover, yeast orthologs of polo-like kinase Cdc5 (Plk1), Mob1 (MOB proteins), and Dbf2 (NDR/Lats kinase) are involved in furrow formation in mammalian cells, division plane formation in plants, and septum formation in fission yeast (Hou et al. 2004; Fabbro et al. 2005; Citterio et al. 2006 ). It will be interesting to investigate whether Plk1-, MOB-, and NDR/Lats-related kinases have conserved roles in the regulation of F-BAR proteins during cytokinesis in not only yeast, but also higher eukaryotes.
Materials and methods
Strains, plasmids, growth conditions, and genetic methods Yeast strains and plasmids used in this study are listed in Supplemental Tables S2 and S3 . Yeast growth conditions and media were as described (Sherman 1991) . Gene deletions and epitope tagging were performed using PCR-based methods (Knop et al. 1999; Janke et al. 2004) . Yeast strains were grown in yeast peptone dextrose medium containing 0.1 mg/L adenine (YPAD). Instead of dextrose, either 3% raffinose (YPAR) or a mixture of 3% raffinose and 2% galactose (YPARG) was used in experiments involving expression of genes under control of the Gal1 promoter. Synthetic complete (SC) media lacking corresponding amino acids were used to grow strains carrying plasmids. Loss of URA3-containing plasmids was tested using plates containing 1 mg/mL 5-fluoroorotic acid (5-FOA). To test the viability of double mutants, we used a plasmid shuffle strategy. Briefly, mutants strains containing the corresponding wild-type gene on URA3-based plasmid were analyzed for growth on 5-FOA plates (select against URA3). At least six individual transformants were analyzed per double mutant, and one representative mutant is shown.
Cell culture synchronization
For synchronization of cells in the G1 phase, 10 mg/mL synthetic a-factor (Sigma-Aldrich) was added to cultures in the early log phase (5 3 10 6 cells per milliliter) and incubated for ;2.5 h, until >95% of the cells formed mating projections. To arrest the cells with nocodazole, 15 mg/mL nocodazole (Sigma-Aldrich) was added to the culture media and incubated 2-4 h, until >90% of the cells arrested with large buds and one DNA-stained region (DAPI staining). To provide late anaphase arrest, 2% galactose was added to the log phase culture of Gal1-CLB2-DDB cells grown in YPAR medium.
Protein methods
Yeast protein extracts and Western blotting were performed as described (Janke et al. 2004) . Antibodies were rabbit anti-GFP antibody, mouse anti-tubulin (Tub1), mouse anti-HA (clone 12CA5, Sigma), rabbit anti-Clb2, and guinea pig anti-Sic1 (Maekawa et al. 2007 ). The peptide-based rabbit anti-Hof1-S424-P antibody was raised in rabbits using the peptide NQSLSS(p)PSESSSS, in which (p) denotes the phosphorylated serine (Peptide Specialty Laboratories GmbH). Anti-Hof1-S424-P antibodies were purified from the preabsorbed sera by affinity purification using the immobilized phophopeptide. Secondary antibodies were goat anti-mouse, goat anti-rabbit, and goat anti-guinea pig IgGs coupled to horseradish peroxidase (Jackson ImmunoResearch Laboratories).
Microscopic techniques
For fluorescence still image analysis, cells carrying GFP or Cherry fusion proteins were fixed in 4% formaldehyde for 10-30 min before inspection. Cells were fixed with 70% ethanol and resuspended in PBS containing 1 mg/mL 49,6-diamino-2-phenylindole (DAPI) (Sigma) for DNA visualization (DAPI staining). For actin staining, cells were fixed for 60 min in 3.7% formaldehyde solution in PBS. Actin was stained with 2 mM rhodaminephalloidine (Invitrogen). Live-cell imaging and quantification of fluorescence still images were performed as described (Caydasi and Pereira 2009) . Specimens for electron microscopy were prepared as described (Maier et al. 2008 ).
Protein purifications
MBP-Bfa1 from Escherichia coli was purified as described previously (Geymonat et al. 2007; Maekawa et al. 2007 ). GST-Hof1 was purified from E. coli according to the manufacturer's instructions (GE Healthcare and EMD). Clb2-Cdk1, Dbf2-Mob1, and Cdc5 were purified from yeast cells as described (Ubersax et al. 2003; Geymonat et al. 2007) . For mass spectrometric analysis, Hof1-3HA and Hof1-9Myc were purified from 1.6-L of culture of wild-type and grr1D cells as described in Immunoprecipitation Experiments, below.
In vitro kinase assay
In vitro kinase assays of purified Cdc5 and Dbf2-Mob1 were performed in a kinase reaction buffer containing 50 mM Tris-HCl (pH 7.5), 1 mM DTT, 10 mM MgCl 2 , and 0.1 mM ATP. Reactions using Clb2-Cdk1 contained 25 mM HEPES (pH 7.4), 150 mM NaCl, 10 mM MgCl 2 , 0.5 mM DTT, 5 mM MgCl 2 , and 0.1 mM ATP. GST-Hof1 purified from E. coli served as a substrate. Reactions were held for 30 min at 30°C. A total of 5 mCi of g-[
32 P]ATP (0.05 nM) was used per radioactive kinase reaction. Radioactivity was detected using a Bas 1800 II imaging system (Fujifilm).
Immunoprecipitation experiments
Pellets from a 100-mL yeast culture (10 7 cells per milliliter) were lysed in a FastPrep FP120 Cell Disturber (MP Biomedicals) using acid-washed glass beads (Sigma-Aldrich). Lysis buffer contained 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 10% glycerol, 1 mM EDTA, 1 mM DTT, 350 mg/mL benzamidine, 100 mM b-glycerophophate, 50 mM NaF, 5 mM NaVO 3 , and complete EDTA-free protease inhibitor cocktail (Roche). Cell lysates were incubated with 1% Triton X-100 for 15 min. Total extracts were clarified by centrifugation at 10,000g for 10 min. Hof1-3HA or Hof1-9Myc was immunoprecipitated from total extracts using anti-HA-or anti-MYC-coupled protein A-Sepharose beads (GE Healthcare). For pull-down assays, the purified immobilized Dbf2-Mob1-GST complex was incubated for 3 h with yeast cell extracts of HOF1-3HA and hof1-S517A-3HA cells.
